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(57) ABSTRACT 
A free-space optical communications System is provided 
capable of transmitting data over long distances through the 
atmosphere. The communications System according to the 
present invention comprises an optical transmitter at a first 
location, the optical transmitter comprising a femtosecond 
pulsed laser Source for producing a train of femtosecond 
laser pulses. The optical transmitter further comprises a laser 
pulse width modulator to provide a pulse width modulated 
train of femtosecond laser pulses corresponding to the data 
being transmitted. The communications System further com 
prises an optical receiver at a Second location for receiving 
the modulated train of femtosecond laser pulses. The optical 
receiver comprises a spectral analyzer for detecting the 
Spectral components of the pulse width modulated train of 
femtosecond laser pulses. The optical receiver further com 
prises decoder circuitry operable to replicate the transmitted 
data based on the Spectral components of the modulated 
train of femtosecond laser pulses. In another aspect, a 
method for optically transmitting data employing the optical 
communication System according to the present invention is 
provided. 
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OPTICAL COMMUNICATIONS BY 
FREQUENCY CONTENT OF 
FEMTOSECOND LASER PULSES 
This Application claim benefit to Provisional Application 
60/157,949 Oct. 6, 1999. 
FIELD OF THE INVENTION 
The present invention relates generally to an optical 
communications apparatus and method and, more 
particularly, to a free Space optical communications appa 
ratus and method that may be employed to transmit infor 
mation long distances through the atmosphere. 
BACKGROUND OF THE INVENTION 
Free Space optical communications are of considerable 
interest for Satellite-to-satellite communications (satellite 
crosslinks) since the region between Satellites (the commu 
nications channel) is ideal, essentially a vacuum, which does 
not distort or attenuate the light beam. For earth-to-satellite 
and Satellite-to-earth communications, on the other hand, the 
Earth's atmosphere Strongly influences the light transmis 
Sion between information Source and the destination. In Such 
cases, (except for very short transmission paths) the trans 
mission reliability of free-space optical transmission SyS 
tems is considered unsatisfactory for most communications 
purposes. 
There does not exist in the art a free-space optical 
communications System that can transmit data between the 
earth and a Satellite, or that can otherwise transmit data long 
distances through the atmosphere. 
SUMMARY OF THE INVENTION 
The present invention comprises a free-space optical 
communications System capable of transmitting data over 
long distances through the atmosphere. The communications 
System according to the present invention comprises an 
optical transmitter at a first location, the optical transmitter 
comprising a femtosecond pulsed laser Source for producing 
a train of femtosecond laser pulses having a pulse width in 
the range of from about 1 attosecond to about 1000 femto 
Seconds. The optical transmitter further comprises a laser 
pulse width modulator to provide a pulse width modulated 
train of femtosecond laser pulses corresponding to the data 
being transmitted. The communications System according to 
the present invention further comprises an optical receiver at 
a Second location for receiving the modulated train of 
femtosecond laser pulses. The optical receiver comprises a 
Spectral analyzer for receiving and determining the Spectral 
components of the pulse width modulated train of femto 
Second laser pulses. The optical receiver further comprises 
decoder circuitry operable to replicate the transmitted data 
based on the Spectral components, i.e., frequency or wave 
length content, of the modulated train of femtosecond laser 
pulses. It has been found in accordance with the present 
invention that the Spectral characteristics of the femtosecond 
pulses of given initial pulse width are retained, even where 
considerable pulse width broadening has occurred upon 
transmission. In one embodiment, the optical communica 
tions System according to the present invention is adapted 
for transmission through the atmosphere, Such as an earth 
earth communication link, including long distance earth 
earth links, and earth-Satellite communication link. In 
another embodiment, the optical communications System is 
adapted for transmission through a media which is essen 
tially a vacuum, Such as a Satellite-Satellite communication 
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link. In Still another embodiment the transmission medium 
may be a fiber optic link. 
In another aspect, a method for optically transmitting data 
employing the optical communication System according to 
the present invention is also provided. 
It is to be understood that both the foregoing general 
description and the following detailed description are exem 
plary and explanatory only and are not restrictive of the 
invention as claimed. The accompanying drawings, which 
are incorporated in and constitute a part of the Specification, 
illustrate an embodiment of the invention and together with 
the general description, Serve to explain the principles of the 
invention. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The detailed description of the invention may be best 
understood when read in reference to the accompanying 
drawings wherein: 
FIG. 1 is a pictorial depiction of an embodiment of the 
free-space optical communications System according to the 
present invention; 
FIG. 2 is a block diagram of an optical communications 
System 30 in accordance with the present invention; 
FIG. 3 shows a Schematic of an experimental Setup; 
FIGS. 4A and 4B are plots of the theoretical scattering 
efficiency as a function of the optical size parameter 27ta/2. 
and as a function of particle diameter, respectively; 
FIGS. 5A-5D are graphs showing wavelength compari 
son for narrow bandwidth pulse (Day 1 data); 
FIGS. 6A-6D are graphs showing wavelength compari 
son for medium bandwidth pulse (Day 1 data); 
FIGS. 7A-7D are graphs showing wavelength compari 
son for wide bandwidth pulse (Day 1 data); 
FIGS. 8A-8D are graphs showing wavelength compari 
son for narrow bandwidth pulse (Day 2 data); 
FIGS. 9A-9D are graphs showing wavelength compari 
son for medium bandwidth pulse (Day 2 data); 
FIGS. 10A-10D are graphs showing wavelength com 
parison for wide bandwidth pulse (Day 2 data); 
FIGS. 11A-11D are graphs showing wavelength compari 
son for narrow bandwidth pulse (Day 3 data); 
FIGS. 12A-12D are graphs showing wavelength com 
parison for medium bandwidth pulse (Day 3 data); 
FIGS. 13 A-13D are graphs showing wavelength com 
parison for wide bandwidth pulse (Day 2 data); 
FIGS. 14A-14D are graphs showing wavelength com 
parison for high density aeroSol Spray, 
FIGS. 15A-15D are graphs showing wavelength com 
parison for medium density aeroSol Spray, 
FIGS. 16A-16D are graphs showing wavelength com 
parison for low density aeroSol Spray, 
FIGS. 17A-17C are graphs showing pulse length results 
for Experiment 1 (Day 1 data); 
FIGS. 18A-18C are graphs showing pulse length results 
for Experiment 1 (Day 2 data); 
FIGS. 19 A-19C are graphs showing pulse length results 
for Experiment 1 (Day 3 data); and 
FIGS. 20A-20C are graphs showing pulsewidth results 
for Experiment 2. 
DETAILED DESCRIPTION OF THE 
INVENTION 
The present invention is a free-space optical communi 
cations System for transmitting information in the form of 
US 6,583,911 B1 
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pulse width modulated laser pulses, wherein the pulse width 
is on the order of femtoseconds in duration. Lasers capable 
of generating pulses on the order of femtoseconds are known 
in the art and are commercially available. Common 
examples include dye lasers with compressed pulse means. 
In exemplary embodiments of the optical communications 
apparatus and method according to the present invention, the 
femtosecond pulse laser energy emitter employed is an 
amplified Ti:sapphire femtosecond laser or a colliding pulse 
mode (CPM) laser. In one embodiment an actively stabilized 
argon laser (Coherent Innova 306 Argon Laser) is used to 
pump the femtosecond laser to produce a very stable fem 
tosecond pulse. See also, Murname et al., “The Recent 
Revolution in Femtosecond Lasers,” IEEE LEOS 
Newsletter, August 1993, p. 17; Glanz, “Short-Pulse Lasers 
Deliver Terawatts on a Tabletop, R&D Magazine, April 
1993, p. 54; and especially, Messenger, “Technology of 
Ultrafast Lasers and Electro-Optics Expands Rapidly,” 
Laser Focus World, September 1993, p. 69. An overview of 
ultrafast laser Sources is also described in commonly owned 
copending U.S. patent application Ser. No. 08/193,371, filed 
Feb. 7, 1994, which is hereby incorporated by reference in 
its entirety. 
FIG. 1 is a pictorial depiction of an embodiment of the 
free-space optical communications System according to the 
present invention for transmitting data between the Earth 10 
and an orbiting communications satellite 20 in the form of 
pulse width modulated laser pulses that are transmitted via 
optical transceiver 14 located within ground Station 12 and 
optical transceiver (22) located on satellite 20. As will be 
discussed herein, it has been found in accordance with the 
present invention that the frequency content of femtosecond 
pulses is not changed by the presence aerosol particles in the 
path of transmission, represented pictorially by cloud 16 in 
the diagram of FIG. 1. 
In one embodiment, the optical data link provided by the 
System according to the present invention, is bidirectional, 
wherein both ground station 12 and satellite 20 comprise 
femtosecond laser pulse transmitters as well as optical 
receiverS operable to collect and analyze the frequency 
components of received femtosecond pulsed transmissions. 
In another embodiment, the optical data link provided by the 
optical communications System according to the present 
invention provides an optical uplink wherein a ground based 
optical transmitter 14 is employed to transmit the commu 
nication transmission 18 to optical receiver 22 on Satellite 
20. In this manner data may be transmitted to satellite 20 for 
downlink transmission to the appropriate destination or 
destinations via conventional RF and microwave frequency 
bands and transmission means. Conversely, in another 
embodiment, the optical data link provided by the optical 
communications System according to the present invention 
may provide an optical downlink wherein a Satellite based 
optical transmitter 22 is employed to transmit the commu 
nication transmission 18 from satellite 20 to a ground based 
optical receiver 14. In this manner data may be transmitted 
to ground Station 12 for transmission to the appropriate 
destination via conventional RF and microwave frequency 
bands and transmission means. 
It will be recognized that the communications System 
according to the present invention may likewise be 
employed to provide a communications link between any 
two ground based Stations having a line of Sight communi 
cation transmission path through the atmosphere available 
(e.g., hilltop to hilltop transmissions, tower to tower 
transmissions, and So forth). Of course, it will be recognized 
that the optical communications System and method employ 
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ing pulse width modulated femtosecond laser pulses are also 
functional and useful for the transmission of information 
over any optical transmission media, including media that 
are Suitable for conventional optical data transmission, Such 
as optical fibers, vacuums or near vacuums (e.g., for inter 
Satellite communication crosslinks), or short distances 
through the atmosphere. However, in Such cases, the attenu 
ation of the laser pulses would be expected to be sufficiently 
low So as to render a frequency analysis of the pulses 
unnecessary or redundant. 
FIG. 2 shows a block diagram of an optical communica 
tions System 30 in accordance with the present invention. 
Information processor 32 receives information encoded in a 
digital format to be transmitted to a Second information 
processor 34. The encoded information may be of any type 
that is transmitted over communications networks, including 
online data, digitized audio and/or Video data to be sent to 
Specific network users or broadcast to multiple users, and So 
forth. The information may also be derived from any suit 
able Source, Such as by demodulating a modulated RF or 
microwave transmission. 
The encoded information is Sent as a digitally formatted 
electrical signal 36 to pulse width modulator means 38. 
Pulse width modulator means 38 comprises circuitry oper 
able to modulate the pulse width of laser energy pulses 
produced by femtosecond pulsed laser 40 to produce a pulse 
width modulated train of laser energy emissions 42. 
The pulse width modulated femtosecond pulse train 42 is 
directed to optical receiver 44. Any known means for aiming 
the pulsed laser energy emissions to be received by optical 
receiver 44 may be employed. The means for directing the 
laser pulses are represented Schematically by mirror 46, 
transmitting lens 48, collecting lens 50, and mirror 52, 
however, Such directing means may include methods of 
delivering or Steering the laser energy to receiver 44, Such as 
mirrors, lenses, prisms, diffraction gratings, optical fibers, 
optical crystals, optical filters, and the like, and arrange 
ments and combinations thereof. The elements of the light 
directing means should preferably mounted So as to be 
capable of precise positioning and aiming i.e., finely rotat 
able about three perpendicular axes and/or translatable in 
order to provide the fine degree of alignment necessary 
given the narrow beam widths and long distances (i.e., 
earth-satellite distances) involved. 
Optical receiver 44 may employ any method known by 
perSons skilled in the art for determining the wavelength or 
frequency components of the received laser pulses. Such 
methods include, but are not limited to, detecting interfero 
metric patterns of Fizeau interferometers, detection of a 
diffraction pattern produced by a diffraction grating, e.g., via 
an optical multichannel analyzer, and So forth. 
Optical receiver 44 sends frequency content (wavelength 
bandwidth) data for the received pulses to decoder circuitry 
56 which, in turn, generates a digitally formatted electrical 
Signal 56 encoding information (using a data encoding 
Scheme that may be the same as or different from that Signal 
36) that replicates the transmitted information (using a data 
encoding Scheme that may be the same as or different from 
that signal 36). In one embodiment according to the present 
invention, a Store and forward type of System is operable to 
embody the present invention, wherein the data encoded by 
digitally formatted electrical signal 56 is Stored in a memory 
location (not shown) for later forwarding. In another 
embodiment, repeater type of System is operable to embody 
the present invention, wherein the digitally formatted elec 
trical Signal immediately forwarded to the appropriate des 
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tination or destinations, with demultiplexing as necessary in 
the case of a multiplexed System. The forwarding transmis 
sions of the information transmitted by the apparatus 30 of 
FIG. 2 may be performed by a further optical transmission 
in accordance with the present invention wherein the receiv 
ing Station further comprises a pulse width modulated fem 
toSecond transmitting apparatus (not shown) as described in 
FIG. 2. For example, where the optical transmission 
described by way of reference to FIG. 2 is a ground to 
Satellite communication, the forwarding transmissions may 
be made via a Satellite-to-earth optical link of the same type 
described in FIG. 2, or may be made via a conventional 
Satellite-to-earth downlink (e.g., via modulated RF or micro 
wave carriers) or conventional intersatellite crosslink. 
The beam width of a laser Source will be much smaller 
than even the beam width of even the most highly directive 
antenna gain patterns. In implementing the optical System in 
accordance with the present invention over long distance 
free Space paths, precise pointing and beam tracking are 
necessary to provide the proper alignment for the optical 
transmission. Optical pointing procedures are generally 
known in the art, for example of the type Suitable for use 
with for use with satellite-satellite optical crosslinks. Such 
methods include, in addition to overall Satellite positioning 
and orientation, optical beacon autotracking methods and 
the like. In an optical Satellite autotracking System, a trans 
mitting Station, Such as a ground-based Station aims its 
optical beam toward the Satellite by tracking the arrival of an 
optical beam from the satellite. The arriving optical field 
direction may be tracked using a quadrant array of detectors 
wherein the arriving field is focused to a Spot on the quadrant 
array. In this manner, pointing error Voltages can be gener 
ated in azimuth and elevation by combining the quadrant 
outputs, wherein the error Voltages are proportional to the 
displacement of the focused spot from the center of the array. 
The error Signals may be fed back to control laser pointing 
(or the light directive optics) to keep the focused spot at the 
center of the array. A separate tracking beacon and commu 
nications signal may be provided, or, a beam splitter may be 
employed So that a portion of the transmitted Signal itself 
may used as the tracking beacon. 
In one embodiment, the optical communications appara 
tuS in accordance with the present invention provides a 
periodic pulse train to transmit binary encoded data repre 
sentative of information to be transmitted. The information 
may be online data, digitized audio or Video signals, and So 
forth. The information is output to modulator which is used 
to control the duty cycle time of the femtosecond pulses. 
Two discrete pulse widths may be used to represent logical 
binary on and off States. In one embodiment, the modulated 
pulse widths may both vary from the pulse width of the 
unmodulated femtosecond pulse train. In another 
embodiment, the pulse width of the baseband (unmodulated) 
Signal pulses and modulated pulses may be one of the 
discrete pulse widths. In this manner, the pulse width is 
modulated by modulating the pulses that correspond to one 
of the two binary values. Modulation may be employed to 
providing a pulse of either longer or shorter duration than the 
baseband pulse widths, and will generally depend on the 
pulse width chosen for the unmodulated pulse train. The 
pulse width modulation may be performed on the leading 
edge, trailing edge, or both. 
EXAMPLES 
1. Introduction 
Experiments were conducted to investigate the fundamen 
tals of femtosecond laser pulse propagation through aeroSol 
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Sprays simulating transmission through clouds. In addition, 
comparisons with continuous wave laser propagation 
through aerosol Sprays are made when applicable. Results of 
the femtosecond propagation Studies include transmitted 
power, temporal Stretching, and bandwidth preservation. 
2. Theory of Scattering Through Aerosol Particles 
Traditional theory regarding the propagation of an elec 
tromagnetic wave through an aerosol consisting of Spherical 
particles is based upon the assumption that multiple Scat 
tering is negligible, i.e., light Scattered from one particle is 
independent from the other particles Surrounding it. If this is 
the case, then the transmission through a distance L is 
exponentially attenuated according to the formula 
(1) 
= ed exit, 
I 
where I is the incident power, I, is the transmitted power, 
and C is the attenuation coefficient. For a monochromatic 
wave, the attenuation coefficient in its most general form 
may be written 
ax 
Osca (&, 27ta) f(a)ada, 
'min 
(2) 
Cet 
where N is the particle number density per unit Volume, ) is 
the wavelength, a is the particle radii, Q is the Scattering 
efficiency, f(a) represents the particle size probability density 
function, and E represents the dielectric constant of the 
Scattering medium. The Scattering efficiency term is derived 
from Mie-Lorentz Scattering theory for continuous incident 
waves So its applicability to femtosecond pulses now used 
must be questioned. Plots of the theoretical Scattering effi 
ciency as a function of the optical size parameter 2 ta?) are 
shown in FIG. 4A and as a function of particle diameter (at 
a wavelength of 800 nm) is shown in FIG. 4B. For a 
wavelength of 800 nm and particle diameter of 4 lum, the 
Scattering efficiency has a value of approximately two and 
one-half. This quantity behaves Similarly to an underdamped 
System, approaching the Steady State of 2 as the optical size 
parameter becomes larger. If Q is taken as a constant then 
the integral 
Trafala min 
in Eq. (2) would represent the Second moment or area mean 
of the particle distribution. In this case then Eq. (1) may be 
expressed as 
(3) 
where a is the area mean radius. This equation is used to 
compare the results obtained in the data Section for both 
continuous and pulsed femtosecond transmission through 
aeroSol SprayS. 
The variation of Q with wavelength also has implica 
tions in regards to obtaining uniform frequency propagation 
through aeroSol Sprays along with transmission effects. For 
low optical size parameters, Q is Small resulting in higher 
power transmission but has a sharp gradient which attenu 
ates the shorter wavelengths of the Spectrum more than the 
longer wavelengths. For optical size parameters greater than 
15, where Q is nearly constant, the attenuation is greater SC 
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but all wavelengths in a pulse will propagate nearly equally. 
For monochromatic waves, the effect of a particle size 
distribution rather than Single Size particles has the effect of 
Smoothing the ripple structure found in the attenuation 
coefficient calculations. 
3. Experimental Setup and Procedures 
The experimental Studies consisted of measuring the 
transmitted power, temporal pulse length, and frequency 
Spectrum through a fixed path length of aeroSol Spray for 
both femtosecond pulses and continuous wave transmission. 
The final data presented consisted of measuring these prop 
erties while varying the bandwidth (or pulse length) of the 
laser light. The particle number density of the aeroSol Spray 
was also varied. 
3.1 Experimental Setup 
Aschematic of the experimental setup is shown in FIG. 3. 
The aerosol spray was generated by a Schuco Model 2000 
air pump connected to a Standard bronchial nebulizer filled 
with tap water. The aeroSol Spray was directed through 26 
cm of PVC tubing, closed on one end except for a small 
opening in order to allow the laser pulse through. An 
Aerometrics Model XMT 1145 Phase Doppler Particle Ana 
lyzer (PDPA) was used to measure the spray characteristics 
at the exit of the tube. Femtosecond pulses generated by a 
Model 3941-MIS-USP Spectra-Physics Tsunami tunable 
laser System were directed along the length of the tube in the 
aerosol spray. AMolectron PM5200 digital power meter was 
used to measure the light intensity. A Spectra-Physics Model 
409-08 autocorrelator, modified for measuring femtosecond 
pulses, was used to measure the pulse length in the time 
domain. A Rees Model E202 laser spectrum analyzer (LSA) 
measured the frequency spectrum in terms of the wavelength 
of the pulse. Additionally, in order to generate lower particle 
number densities in Some experiments, a Radio Shack 
Model 273-240 DC microfan was placed on the end of the 
PVC tubing so more air was introduced to the aerosol 
mixture being generated from the nebulizer. The entire 
experimental apparatus was located on a 4 ft by 12 ft 
Newport Research Optical table. The table was surrounded 
with curtains and covered with plastic to diminish air 
currents which could have affected the PDPA velocity mea 
surements. Velocity measurement are critical to the PDPA 
number density calculations in that they are utilized in the 
algorithms to determine the total volume or aeroSol Spray 
passing through the fixed probe area. 
3.2 Procedures 
Two basic groups of experiments were performed. The 
purpose of the first experiment was to observe differences in 
the forward Scattering characteristics between pulses of 
varying frequency bandwidth, or time duration. A Second 
group of experiments were performed to compare femto 
Second pulse and continuous wave power transmission char 
acteristics for varying densities of the aeroSol Spray. Three 
basic parameters were measured: the time duration of the 
transmitted pulse, the frequency spectrum of the transmitted 
pulse, and the amount of power of the pulse transmitted 
through the Spray. The data for these three parameters were 
Stored numerically and processed off line on a PC computer. 
The individual details of how each were measured and how 
the data was analyzed will be explained after a general 
overview of the experiments performed. The center wave 
length of the laser was selected to be 800 nm since atmo 
Spheric transmission is a maximum around that wavelength. 
Four bandwidth sets were selected in the first group of 
experiments: wide, narrow, medium, and continuous wave. 
After the laser was adjusted to the desired bandwidth by 
adding glass through a prism pair inside the laser cavity, the 
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wavelength spectrum data of the laser pulse was taken 
without and then with aerosol spray in the PVC tube. Next, 
autocorrelation data was taken without and with aeroSol 
Spray in the tube. Power measurements were then carried out 
for each of these four cases. The bandwidth and autocorre 
lation measurements were skipped for the continuous wave 
case Since they were not applicable. 
In the Second Set of experiments, the density of the aeroSol 
Spray was varied by placing a Small fan on the entrance end 
of the PVC tube. There were three aerosol density settings. 
These are referred to as “full spray” where the fan was not 
turned on, “light Spray' where the fan was at a maximum 
resulting in the lowest particle density, and “medium spray” 
where the fan Speed was in between the two extremes. 
Approximately four-fifths of the exit end of the tube had to 
be covered when the fan was turned on in order to obtain a 
particle concentration large enough to produce enough Sig 
nals for the PDPA. Covering the end served the purpose of 
confining the water particles to a Smaller exit area. AS a 
result, it also produced much larger flow Velocities. Two 
bandwidth cases were performed: continuous wave and 
pulsed propagation. The bandwidth of the femtosecond laser 
pulse was not varied as in the first experiment. Frequency 
and autocorrelation measurements were taken for the pulse 
case (continuous wave cases were not applicable). Power 
measurements were taken for both the femtosecond pulse 
and continuous wave cases in all experiments. 
The frequency Spectrum was measured by connecting two 
channels and a trigger output of the Rees laser spectrum 
analyzer to the HP Model 54.601B oscilloscope. Channel #1 
represented the frequency amplitude data while Channel #2 
represented visual calibration markers containing the wave 
length information. Averaging over 256 data traces could be 
automatically performed within the OScilloscope to reduce 
the effects of noise. This was particularly beneficial when 
the laser beam was transmitted through the Spray. This 
averaging, however, Smeared the data markers in the wave 
length channel. Therefore, two Sets of data were recorded, 
one without averaging (referred to in the data with the 
“single' shot) and one with averaging (referred to simply as 
“averaged”). Raw oscilloscope data was saved as CSV 
(comma separated value) computer files using HP benchlink 
Software. From these files, the frequency amplitude data was 
found as a function of wavelength, normalized to values 
between Zero and one, and the full width at half maximum 
(FWHM) was found numerically using a computer program 
written in the Fortran 90 language. The data contains the 
averaged and the non-averaged “single' shot results for 
when aeroSol Spray occupied Space in the tube and when the 
tube was empty. 
The time duration of the femtosecond pulses were mea 
Sured by connecting the output and the external trigger lead 
of the Spectra-Physics Model 409-08 autocorrelator to the 
oscilloscope. Displayed on the Single channel was the auto 
correlation amplitude as a function of position on the 
oscilloscope. In order to convert this position in terms of 
time, the autocorrelator is equipped with a calibration etalon 
which serves to shift the autocorrelation amplitude on the 
oscilloscope display an amount which corresponds to 300 fs. 
Autocorrelation traces of amplitude verSuS time may then be 
calibrated by correlating the 300 is delay to the amount of 
position shift on the oscilloscope. Again, averaging of 256 
traces was automatically performed by the oscilloscope to 
reduce noise. 
The change in pulse length through an aeroSol Spray 
involved obtaining four traces on the oscilloscope and 
Saving each of these as comma Separated value files. The 
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first trace (referred to as “initial”) was an averaged autocor 
relation reading without any Spray in the tube. The purpose 
of this measurement was twofold: 1) the result was used as 
a reference to compare Similar femtosecond pulses which 
did travel through an aerosol spray, and 2) it was used in the 
calibration procedure to calculate the pulse length in terms 
of femtoseconds. The second reading (referred to as “delay”) 
was the reading without any Spray in the tube and the 
calibration etalon inserted in the autocorrelator beam path. 
The resulting time delay of 300 fs translated to a shift on the 
oscilloscope display So the horizontal pulse positions of the 
first and Second readings could be compared to express the 
amplitude as a function of time. Along with the horizontal 
shift on the oscilloscope display, the calibration etalon also 
caused dispersion of the pulse resulting in temporal Stretch 
ing and consequently large FWHM values. The last two 
readings were for the tube containing Spray, one with the 256 
point averaging performed (referred to as “average') and the 
other without averaging (referred to as “single' shot). The 
raw data was converted to time Scales using Fortran 90 
algorithms which also normalized the time amplitudes and 
calculated the time pulse FWHMs. 
Power transmission through the tube consisted of collect 
ing eight individual readings from a Molectron PM5200 
digital power meter for a fixed length of time. This time was 
determined by the duration it took the PDPA to collect the 
aerosol spray data-typically 40 to 60 seconds. The first and 
last readings were taken without aeroSol Spray in the tube, 
while the Six middle readings were taken with aeroSol Spray 
in the tube. The data was saved to files on the computer. The 
power meter Sampling period ranged from 0.2 to 0.3 Sec 
onds. A hard copy of the PDPA data output Screens for each 
or the Six runs was printed So the Statistical results contain 
ing the aeroSol number density, particle diameter Statistics, 
and particle velocity could be put in tabular form. Six 
Separate runs were taken in order to correlate the power 
transmission with the number density and particle size. The 
percent transmission for each of the Six runs was determined 
by taking the average power for each run divided by the 
average of the first and last readings (when no spray was in 
the tube). 
The procedures and the resulting data presented in this 
final report were Selected after completing exploratory 
experiments. The experiments included in this report are 
representative of previous efforts but were more Systemati 
cally performed to minimize Statistical variation (e.g., 
removal of air currents by enclosing the experimental appa 
ratus areas). 
4 Data and Analysis 
This section is divided into three categories: bandwidth 
effects, pulse length effects, and power transmission effects. 
4.1 Bandwidth Considerations 
This Section presents the results on the frequency band 
width observed after femtosecond pulses have propagated 
through a dense aeroSol Spray. The results of the first 
experiment are shown in FIGS. 5A-13D. The changes in 
bandwidth are shown for narrow, medium, and wide initial 
frequency Spectrums. The graphical results are grouped 
according to the three respective days in which the final 
experimental data was collected over three days. In each of 
the figures, four graphs are shown. The top two, denoted A 
and B, Show the non-averaged and averaged frequency 
Spectrum without any spray in the tube. The bottom two, 
denoted C and D, show the non-averaged and averaged 
frequency Spectrum when the aeroSol Spray was present. The 
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numerically calculated center frequency and FWHM are 
displayed on each of the graphs in the upper right comer. 
Oscilloscope averaging decreases the effects of noise and 
produces a smoother curve, thus giving a better FWHM 
estimate. The non-averaged or "Single' graphs do not pro 
duce Such a Smooth spectrum plot. This is apparently not due 
to the actual Signal Signature, but rather due to noise in the 
detector. This statement is supported by the observation that 
as the Signal power into the Rees laser Spectrum analyzer is 
increased, the Spectrum becomes more like the averaged 
Signals. 
From a visual inspection of FIGS. 5A-13D, it can be seen 
that the pulse frequency spectrum is essentially preserved 
even through propagation in a very dense aeroSol Spray. The 
numerical results are Summarized in Table 1. The FWHM 
data for the cases when the Spray is and is not present are 
shown along with the percent change. Also reported are the 
number density for the area mean radius of the aeroSol 
particles as given by the PDPA. On the average, there is a 
-0.53% change in the FWHM results. There does not appear 
to be a correlation between pulse bandwidth narrowing and 
number density or area mean radius. 
TABLE 1. 
Experiment 1: Bandwidth Changes. 
no spray spray number 
bandwidth bandwidth density N area mean a 
nm. nm. % change #/cm Lum 
Day 1 
aOW 12.O 11.8 -1.67 132,000 2.45 
medium 20.5 19.9 -2.93 144,000 2.55 
wide 25.8 26.4 2.10 154,000 2.45 
Day 2 
aOW 12.6 12.8 1.75 192,000 2.54 
medium 16.1 16.0 -0.42 169,000 2.55 
wide 24.5 23.9 -2.64 173,000 2.56 
Day 3 
aOW 12.O 11.9 -O.78 145,000 2.60 
medium 16.8 16.9 O.66 118,000 2.59 
wide 25.4 25.2 -O-88 185,000 2.58 
The results of the Second Set of experiments are shown 
graphically in FIGS. 14A-16D. In this experiment air was 
added to the air-water nebulizer mixture in order to lower the 
particle density concentration. Three data Sets were run 
which are referred to as full spray (in which no air was 
added), medium spray, and light spray. The exit area of the 
PVC tube was reduced in size, resulting in greater particle 
Velocities and better air-water mixing. This produced lower 
number densities. It is important to point out that particle 
number densities in typical clouds are closer to 200-500 
particles/cc with a mean diameter of 12 um. 
The results of this Second experiment are Summarized in 
Table 2. The FWHM data when the spray is present and 
when it is not present are shown along with the percent 
change. Also shown is the number density and the area mean 
radius of the aerosol particles as given by the PDPA. There 
is a 0.14% change in the FWHM on the average. There 
appears to be a correlation between pulse bandwidth spread 
ing and number density. However, given only three Samples 
and the Small amount of percentage changes, this correlation 
may not be Statistically significant. Consistent with the first 
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experiment, there is minimal change in the frequency Spec 
trum shape or FWHM. As the number density decreases it is 
obvious from the figures that the Signal becomes quite 
Smooth before averaging. 
TABLE 2 
Experiment 2: Bandwidth Changes. 
no spray spray number aea 
bandwidth bandwidth % density N mean a 
Thz THz change #/cm Lum 
full spray 13.7 14.1 2.82 71,000 2.60 
medium spray 13.5 13.4 -O.97 18,500 2.45 
light spray 13.5 13.3 -1.33 6,000 2.15 
4.2 Pulse Length Changes 
The results of the change in pulse length as a femtosecond 
laser beam is transmitted through dense aeroSol Sprays are 
presented in this Section. Again the graphical results for the 
first experiment are grouped by date and for the narrow, 
medium, and wide bandwidth cases. Each is shown in FIGS. 
17A-19C. Each graph contains four plots labeled initial, 
delay, average, and Single. The “initial' plot represents the 
autocorrelation of the pulse not transmitted through the 
aeroSol Spray. The “delay' plot also represents the autocor 
relation of the pulse transmitted through only air, except it 
is offset from the initial due to the calibration etalon of the 
autocorrelator inserted into one of the beam paths. This 
offset is set to 300 fs as indicated on the graphs. Both the 
initial and delay were averaged in the oscilloscope using 256 
traces. The single” and “average” labels respectively repre 
Sent the non-averaged and averaged autocorrelation plot of 
the pulse after it has passed through the aeroSol Spray. It 
should be noted that the autocorrelation process produces a 
pulse width which is wider than the actual input pulse. For 
a Secant Square pulse type of the Tsunami laser, the pulse 
width should be multiplied by a factor of 0.65 in order to 
obtain the true pulse width. The pulse length results for the 
first experiment are shown in Table 3. The table reflects the 
changes after the correction factor was applied. It can be 
Seen that there is very little pulse Stretching taking place. 
TABLE 3 
Experiment 1: Pulsewidth Changes. 
no spray spray number 
pulsewidth pulsewidth density N area mean a 
Ifs Ifs % change #/cm Lum 
Day 1 
aOW 79.63 82.49 3.59 132,000 2.45 
medium 80.97 85.46 5.54 144,000 2.55 
wide 77.20 77.02 -0.22 154,000 2.45 
Day 2 
aOW 78.94 79.31 O.47 192,000 2.54 
medium 74.45 80.01 7.48 169,000 2.55 
wide 78.14 77.54 -O.78 173,000 2.56 
day 3 
aOW 83.74 86.08 2.8O 145,000 2.60 
medium 90.16 91.30 1.26 118,000 2.59 
wide 79.26 79.73 O60 185,000 2.58 
The results of the Second experiment are shown graphi 
cally in FIG. 20 and summarized in Table 4. It can be seen 
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from the Second experiment results that a leSS dense Spray 
produces a clearer pulse width signal without averaging. 
There also is a correlation with the pulse Stretching and 
number density, the leSS dense the Spray the less pulse 
Stretching (dispersion) occurs. 
TABLE 4 
Experiment 2: Pulsewidth Change Summary. 
no spray spray number aea 
pulsewidth bandwidth % density N mean a 
Ifs Ifs change #?cn Lum 
full spray 77.82 83.62 7.46 71,000 2.60 
medium spray 79.42 81.88 3.10 18,500 2.45 
light spray 79.27 79.51 -1.33 6,000 2.86 
5 Power Transmission 
In both Sets of experiments, the power transmission was 
measured six times over a period of 40 to 60 seconds. The 
PDPA was used to measure the Spray characteristics during 
each of the six runs. The results for the first experiment are 
shown in Tables 5-7 for the four cases of continuous wave, 
narrow bandwidth, medium bandwidth, and wide band 
width. The results for the second experiment are shown in 
Tables 8-10. These tables list the percent transmission, 
number density, area mean diameter, Velocity, and the QL 
constant for each run. The tables also list the average 
W (4) 
and the average deviation 
(5) 
for each of these quantities. 
Power transmission rates varied over time from run to run 
while all system components were kept the same. The PDPA 
data indicated that the aeroSol Spray properties changed. In 
order to incorporate this variability into the femtosecond 
pulse and continuous wave transmission comparison, the 
traditional power transmission theory (Eq. (3)) was utilized. 
To compensate for the fact that the number density and area 
mean diameter were changing, it was assumed that the 
Scattering coefficient Q, and length L would be constant 
over each of the runs. The assumption that Q was constant 
is justified in that over the possible diameter ranges at 800 
nm, its range was bounded between one and four. The 
distribution of the particle sizes would also serve to limit this 
possible range by averaging out the variations with particle 
diameter and laser wavelength. The tube length was fixed 
and the assumption that the path length L was constant is 
based on this fact. The variables Q and L in Eq. (3) were 
combined as one variable QL. This variable was solved for 
in Eq. (3) and included as part of the results. Lower values 
of QL would result in higher transmission rates. 
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TABLE 5 
Experiment 1: Power Transmission Data (Day 1). 
Day 1 1. 2 3 4 5 6 avg dev 
CW 
% transmission 8.0 8.7 9.O 9.1 9.3 9.6 8.92 O.41 
# density x 10° 1.34 1.60 1:57 150 140 1.32 1.46 0.10 
area mean diam. Lum 4.4 4.3 4.3 4.3 4.2 4.2 4.28 OO6 
velocity cm/s 9.4 9.1 9.2 9.8 9.1 9.5 9.35 0.22 
QL calc. 102.8 82.6 76.8 83.6 84.6 82.3 85.5 5.78 
aOW 
% transmission 11.5 12.2 12.6 12.3 13.0 12.7 12.4 O.38 
# density x 10° 1.03 1.35 1.49 133 139 1.33 1.32 O.10 
area mean diam. Lum 5.1 4.9 4.8 4.9 4.7 4.9 4.88 O.09 
velocity cm/s 9.4 9.1 9.2 9.8 9.1 9.5 9.35 0.22 
QL calc. 102.8 82.6 76.8 83.6 84.6 82.3 85.5 5.78 
medium 
% transmission 7.7 8.5 9.2 9.4 9.4 9.3 8.92 O.56 
# density x 10° 1.57 1.65 1.42 1.31 1.24 1.42 1.44 0.12 
area mean diam. Lum 5.2 5.1 5.1 5.2 5.0 5.0 5.1O O.O7 
velocity cm/s 10.1 10.2 1O.O 9.7 10.2 10.3 10.1 0.16 
QL calc. 77.0 73.2 82.2 85.0 97.O 85.2 83.27 5.81 
wide 
% transmission 7.8 8.O 8.3 8.2 8.2 8.4 8.16 0.2O 
# density x 10° 1.67 1.44 1.52 1.SS 1.49 1.56 1.54 0.06 
area mean diam. Lium 4.9 5.1 4.9 4.9 4.9 4.7 4.90 O.O7 
velocity cm/s 9.8 9.9 9.8 10.2 10.4 9.7 9.97 0.22 
QL calc. 81.1 86.0 86.7 85.4 88.8 91.4 86.6 2.40 
TABLE 6 
Experiment 1: Power Transmission Data (Day 2 Data). 
Day 2 1. 2 3 4 5 6 avg dev 
CW 
% transmission 9.8 10.5 11.O. 11.7 12.5 11.5 11.2 0.74 
# density x 10° 1.64 1.53 1.44 1.58 1.68 1.69 1.59 O.08 
area mean diam. Lum 4.2 4.3 4.1 4.0 4.1 4.1 4.13 O.08 
velocity cm/s 7.7 8.O 7.7 7.7 7.4 8.3 7.8O O.23 
QL calc. 72.2 72.1 81.3 75.O 68.4 67.9 72.8 3.56 
aOW 
% transmission 6.O 5.6 5.9 6.O 6.4 7.2 6.17 O.42 
# density x 10 1.94 1.85 2.14 1.77 1.94 1.87 1.92 O.09 
area mean diam. Lum 5.1 5.2 4.9 S.2 5.1 5.0 5.08 O.09 
velocity cm/s 9.8 9.8 9.3 9.4 9.3 8.8 9.4O O.27 
QL calc. 71.2 73.5 70.1 75.0 69.2 71.7 71.8 1.62 
medium 
% transmission 6.7 7.1 8.0 8.6 8.6 8.3 7.88 O.64 
# density x 10 1.76 1.52 1.66 1.75 1.82 1.62 1.69 O.09 
area mean diam. Lum 5.2 5.3 5.1 5.1 4.9 5.0 5.1O O.10 
velocity cm/s 8.7 9.7 8.9 9.O 8.8 9.8 9.15 O.40 
QL calc. 72.3 78.8 74.4 68.8 71.5 78.3 74.O 316 
wide 
% transmission 8.1 8.1 8.5 8.2 7.7 7.7 8.04 O.26 
# density x 10 1.77 1.73 1.73 1.66 1.78 1.72 1.73 O.O3 
area mean diam. Lum 5.2 5.2 5.1 5.1 5.1 5.0 5.12 O.06 
velocity cm/s 8.5 8.9 8.4 9.3 9.4 9.O 8.92 O.32 
QL calc. 66.8 68.4 69.7 73.8 70.7 76.1 70.91 2.70 
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TABLE 7 
Experiment 1: Power Transmission Data (Day 3 Data). 
Day 1 1. 2 3 4 5 6 avg dev 
CW 
% transmission 10.9 11.0 11.6 12.1 12.2 11.1 11.5 O.48 
# density x 10 1.OS 1.13 O.90 1.OS 1.08 1.10 1.05 O.05 
area mean diam. Lum 5.3 5.5 5.1 4.9 5.0 5.0 5.13 O.18 
velocity cm/s 8.1 8.4 7.9 8.5 8.2 8.9 8.33 O.27 
QL calc. 95.7 82.2 117.6 106.7 99.2 101.8 100.5 8.15 
aOW 
% transmission 114 11.7 11.9 11.6 11.3 10.7 11.4 O.30 
# density x 10 1.69 1.48 1.18 1.58 1.18 1.57 1.45 0.18 
area mean diam. Lum 5.1 4.9 5.6 4.9 5.5 5.2 5.2O O.23 
velocity cm/s 7.1 7.5 8.0 7.8 7.7 8.8 7.82 0.39 
QL calc. 62.9 76.9 73.2 72.3 77.8 67.O 71.7 4.48 
medium 
% transmission 11.2 11.8 12.1 12.2 12.2 12.6 12.O O.34 
# density x 10 1.42 1.18 1.07 1.OS 1.29 1.06 1.18 O.12 
area mean diam. Lum 5.3 5.5 5.2 5.2 4.9 5.0 5.18 0.16 
velocity cm/s 7.8 8.1 8.8 8.4 8.6 8.9 8.43 O.33 
QL calc. 69.9 76.2 92.9 94.3 86.5 99.5 86.6 9.04 
wide 
% transmission 9.5 10.2 10.3 10.7 11.O 11.2 10.49 O.48 
# density x 10° 182 1.99 1.65 1.79 2.11 1.75 1.85 0.13 
area mean diam. Lum 5.3 5.3 5.2 5.0 5.0 5.1 5.15 O.12 
velocity cm/s 7.2. 6.7 7.7 7.0 6.8 6.8 7.O3 O.28 
QL calc. 58.5 52.0 64.9 63.6 53.3 61.2 58.9 4.31 
TABLE 8 
Experiment 2: Power Transmission Data (Full Spra 
1. 2 3 4 5 6 avg dev 
FULL SPRAY 
CW 
% transmission 12.O 12.8 12.9 13.2 13.5 13.4 13.0 O40 
# density x 10° 0.72 0.70 0.72 O.69 0.71 O.70 O.71 O.O1 
area mean diam. Lum 5.7 5.5 5.2 5.1 4.9 4.9 5.22 O.26 
velocity cm/s 24.5 23.3 23.3 23.7 23.7 23.1 23.6 O.37 
QL calc. 114.9 124.5 133.4 144.1 149.6 151.4 1363 12.O 
pulse 
% transmission 7.6 8.8 9.2 9.4 9.6 9.5 9.01 0.56 
# density x 10 O.70 0.71 O.73 0.71 0.72 0.71 O.71 O.O1 
area mean diam. Lum 5.5 5.3 5.3 5.2 5.0 4.9 5.2O O.17 
velocity cm/s 24.8 24.O 23.7 23.3 23.3 23.5 23.8 O42 
QL calc. 154.7 155.5 1483 157.6 166.2 176.4 159.8 7.68 
TABLE 9 
Experiment 2: Power Transmission Data (Medium Spray 
1. 2 3 4 5 6 avg dev 
MEDIUMSPRAY 
CW 
% transmission 38.7 37.1 37.2 37.1 37.3 39.3 37.8 O.81 
# density x 10 0.17 O.16 O.13 O.12 O.11 O.11 O.13 O.O2 
area mean diam. Lum 4.9 4.7 4.8 4.9 4.8 4.8 4.82 OO6 
velocity cm/s 57.2 56.8 56.9 57.5 57.1 57.1 57.1 0.17 
QL calc. 296.1 350.6 437.2 438.2 482.3 465.O 411.6 58.8 
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TABLE 9-continued 
Experiment 2: Power Transmission Data (Medium Spray 
1. 2 3 4 5 
pulse 
41.5 
O.O93 
5.0 
66.1 
484.2 
42.4 
O.O91 
4.8 
63.8 
519.9 
42.6 
O.O85 
4.8 
63.2 
554.8 
41.3 
O.O72 
5.0 
62.9 
625.5 
41.4 
O.O70 
4.9 
63.7 
667.1 
% transmission 
# density x 10 
area mean diam. Lum 
velocity cm/s 
QL calc. 
TABLE 10 
6 
4.1.8 
O.OFO 
4.9 
64.7 
659.9 
Experiment 2: Power Transmission Data (Light Spray 
1. 2 3 4 5 
LIGHT SPRAY 
CW 
50.5 
O.O69 
5.5 
76.8 
414.4 
58.6 
O.O51 
5.6 
76.3 
428.8 
56.2 
O.O45 
5.6 
75.9 
519.9 
55.0 
O.O51 
5.7 
75.8 
457.6 
55.8 
O.OSO 
5.8 
77.2 
442.5 
% transmission 
# density x 10 
area mean diam. Lum 
velocity cm/s 
QL calc. 
pulse 
52.9 
O.O6 
5.6 
76.7 
437.4 
53.0 
O.O6 
5.8 
75.8 
431.4 
51.9 
O.O7 
5.7 
76.O 
370.3 
53.8 
O.O6 
5.8 
79.7 
4O6.6 
% transmission 
# density x 10 
area mean diam. Lum 
velocity cm/s 
QL calc. 
The results from the first experiment did not show any 
consistently measurable differences between pulsed and 
continuous wave laser transmission. The Day 1 data pro 
duced QL values within a small range between 82.4 and 86.6 
and average deviations over the Six runs ranged between 2.4 
and 6.3. This would indicate that the power transmission 
were the same over all bandwidth ranges within experimen 
tal error. The Day 2 data resulted in QL values between 70.9 
and 74.0, with average deviations between 1.62 and 3.56. 
The Day 3 Q L values were less consistent when compared 
with the prior two days with values and average deviations 
respectively ranging from 58.9 to 100.5 and 4.3 to 9.0. This 
would indicate that errors were greater on this day than the 
previous two. However, the data gave no indication that 
pulsed wave transmission was more beneficial than continu 
OUIS WWC. 
The results of the Second experiment are leSS conclusive 
than those of the first. Unrealistically large QL constants 
were calculated. This would indicate that either the PDPA 
System was producing data with Significant errors at these 
large Velocities and number densities or that the Scattering 
efficiency greatly changes for leSS dense SprayS. Traditional 
theory provides no reason for Q to change at lower 
number densities. Rather, Since multiple Scattering would be 
less likely, the theory should be more applicable at lower 
densities. This and the fact the average deviation is very 
large for both the QL and the percent transmission provide 
evidence that the PDPA data is somewhat questionable. It 
should be noted that the exponential function descends 
Steeply at these operating regions, So that Small errors in 
power transmission data would result in large errors in the 
calculated QL. There is, however, no reason to believe that 
the errors would favor either the continuous wave or pulsed 
6 
54.7 
O.O43 
5.7 
78.5 
544.8 
49.2 
O.O7 
5.8 
76.2 
383.5 
35 
40 
45 
50 
55 
60 
65 
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avg dev 
4.1.8 
O.08 
4.90 
64.1 
585.2 
avg dev 
55.1 
O.OSO 
5.65 
76.8 
468.O 
1.73 
O.O1 
O.08 
O.75 
42.9 
1.58 
O.O1 
O.O7 
1.10 
2O2 
wave transmission data So that the transmission rates and QL 
values may still be compared between the two cases. Again, 
there is no indication in the data that laser pulses would 
result in better transmission than continuous wave lasers. 
Two of the three cases resulted in the pulsed wave have 
lower transmission percentages, but two of the three cases 
also resulted in lower QL values for the femtosecond pulse 
laser beam. 
6 Conclusion 
Experiments were conducted in order to investigate the 
temporal pulse spreading, frequency Spectrum changes, and 
power transmission characteristics of a laser beam traveling 
through a dense aeroSol Spray. It was shown that there is no 
Significant change in the frequency spectrum shape or 
FWHM over the range of aerosol spray densities tested. 
There was generally Some increase in the temporal pulse 
length. From the limited number of experiments in which the 
Spray density was varied, it appeared that the greater the 
number density of the aeroSol Spray, the greater the change 
in the measured pulse FWHM. Overall, in the work per 
formed So far, there was no difference in the power trans 
mission data between femtosecond laser pulses and a con 
tinuous wave laser propagation. There was also no 
measurable correlations between the power transmission 
and frequency bandwidth. 
The work performed here through aerosols of 10 par 
ticles per cc provides clear evidence that optical communi 
cation System and method according to the present invention 
utilizing frequency spread detection is attractive for atmo 
Spheric transmissions up to relatively large distances. It 
should be pointed out that all frequency and pulse width data 
is based on splitting off 4% of the transmitted power and 
thus, the directly detected pulse spread data will be much 
Smoother, even for Single shot results. 
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The description above should not be construed as limiting 
the Scope of the invention, but as merely providing illustra 
tions to some of the presently preferred embodiments of this 
invention. In light of the above description and examples, 
various other modifications and variations will now become 
apparent to those skilled in the art without departing from 
the Spirit and Scope of the present invention as defined by the 
appended claims. Accordingly, the Scope of the invention 
should be determined Solely by the appended claims and 
their legal equivalents. 
What is claimed is: 
1. An free-space optical communication System for trans 
mitting data from an optical transmitter to an optical 
receiver, Said free-space optical communication System 
comprising: 
an optical transmitter at a first location, Said optical 
transmitter comprising a femtosecond pulsed laser 
Source for producing a train of femtosecond laser 
pulses, Said pulses having a pulse width in the range of 
from about 1 attosecond to about 1000 femtoseconds, 
Said optical transmitter further comprising a laser pulse 
width modulator for modulating the pulse width of said 
laser pulses to provide a pulse width modulated train of 
femtosecond laser pulses corresponding to Said data 
being transmitted; and 
an optical receiver at a Second location, Said optical 
receiver for receiving Said modulated train of femto 
Second laser pulses, said optical receiver comprising a 
Spectral analyzer for receiving and determining the 
Spectral components of Said pulse width modulated 
train of femtosecond laser pulses, Said optical receiver 
further comprising decoder circuitry operable to repli 
cate Said transmitted data based on Said spectral com 
ponents of Said modulated train of femtosecond laser 
pulses. 
2. The free-space optical communication System of claim 
1, wherein Said first location comprises a first earth-based 
communications Station. 
3. The free-space optical communication System of claim 
2, wherein Said Second location comprises a communica 
tions Satellite. 
4. The free-space optical communication System of claim 
2 wherein Said Second location comprises a Second earth 
based communications Station. 
5. The free-space optical communication System of claim 
1 wherein Said first location comprises a first communica 
tions Satellite. 
6. The free-space optical communication System of claim 
5 wherein Said Second location comprises an earth-based 
communications Station. 
7. The free-space optical communication System of claim 
2 wherein the frequency content of Said laser energy pulses 
comprises frequencies in the Visible region. 
8. The free-space optical communication System of claim 
7 wherein the frequency content of Said laser energy pulses 
comprises frequencies corresponding wavelengths within 
the range of from about 750 nm to about 850 nm. 
9. The free-space optical communication System of claim 
1 wherein the pulse repetition frequency is in the range of 
from about 1 Hz to about 100 MHz. 
10. The free-space optical communication System of 
claim 1 wherein Said electrical Signal encodes time division 
multiplexed information. 
11. The free-space optical communication System of 
claim 1 wherein Said spectral analyzer comprises an optical 
multichannel analyzer. 
12. An free-space optical transmitter for transmitting data 
to an optical receiver, Said optical transmitter comprising a 
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femtosecond pulsed laser Source for producing a train of 
femtosecond laser pulses, Said pulses having a pulse width 
in the range of from about 1 attosecond to about 1000 
femtoseconds, Said optical transmitter further comprising a 
laser pulse width modulator for modulating the pulse width 
of Said laser pulses to provide a pulse width modulated train 
of femtosecond laser pulses corresponding to Said data being 
transmitted. 
13. An free-space optical receiver for receiving data from 
an optical receiver, Said optical receiver comprising a spec 
tral analyzer for receiving and determining the Spectral 
components of Said pulse width modulated train of femto 
Second laser pulses, Said optical receiver further comprising 
decoder circuitry operable to replicate Said transmitted data 
based on Said spectral components of Said modulated train of 
femtosecond laser pulses. 
14. A method for communicating information using digi 
tally formatted optical Signals, Said method comprising the 
Steps of 
(a) providing a pulse train of laser energy pulses, said 
pulses having a pulse width in the range of from about 
1 attosecond to about 1000 femtoseconds; 
(b) providing a first digitally formatted electrical signal, 
Said digitally formatted electrical signal encoding Said 
information to be communicated; 
(c) converting said first digitally formatted electrical 
Signal into a digitally formatted optical Signal, Said Step 
of converting comprising modulating Said pulse train of 
laser energy pulses with Said first digitally formatted 
electrical Signal to provide a first pulse width modul 
lated optical Signal digitally encoding Said information 
to be communicated, Said first pulse width modulated 
optical Signal comprising laser energy pulses having a 
plurality of discrete pulse widths, wherein each of Said 
laser energy pulses comprises a frequency content that 
is characteristic of pulse width; 
(d) transmitting said first pulse width modulated optical 
Signal from a first location; 
(e) receiving the transmitted first pulse width modulated 
optical signal transmitted in step (d) at a second loca 
tion remote from Said first location, Said receiving Step 
comprising the Steps of Sensing Said transmitted optical 
Signal of Step (d), determining the frequency content of 
Said laser energy pulses that comprise Said first pulse 
width modulated optical Signal, and determining the 
pulse width of Said laser energy pulses indirectly based 
on the frequency content of Said laser energy pulses; 
(f) converting Said received pulse width modulated optical 
Signal of step (e) into a second digitally formatted 
electrical signal encoding information replicating Said 
information of step b) to be communicated. 
15. The communication method of claim 14, wherein said 
first location comprises a first earth-based communications 
Station. 
16. The communication method of claim 15, wherein said 
Second location comprises a communications Satellite. 
17. The communication method of claim 15, wherein said 
Second location comprises a Second earth-based communi 
cations Station. 
18. The communication method of claim 14, wherein said 
first location comprises a first communications Satellite. 
19. The communication method of claim 18, wherein said 
Second location comprises an earth-based communications 
Station. 
20. The communications method of claim 14, wherein the 
frequency content of Said laser energy pulses comprises 
frequencies in the visible region. 
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21. The communications method of claim 20, wherein the 
frequency content of Said laser energy pulses comprises 
frequencies corresponding wavelengths within the range of 
from about 750 nm to about 850 nm. 
22. The communication method of claim 14, wherein the 
pulse repetition frequency is in the range of from about 1 HZ 
to about 100 MHZ. 
23. The communication method of claim 14, wherein said 
first digitally formatted electrical Signal encoded time divi 
Sion multiplexed information. 
24. The communication method of claim 14, wherein said 
frequency content of Said pulse width modulated optical 
Signal is determined by an optical multichannel analyzer. 
25. The communication method of claim 15, further 
including the Steps of: 
(g) providing a pulse train of laser energy pulses, said 
pulses having a pulse width in the range of from about 
1 attosecond to about 1000 femtoseconds; 
(h) providing a third digitally formatted electrical signal, 
Said digitally formatted electrical signal encoding infor 
mation to be communicated, wherein Said information 
to be communicated may be the same as or different 
from said information to be communicated of Step (b); 
(i) converting said third digitally formatted electrical 
Signal to a Second digitally formatted optical Signal, 
Said Step of converting comprising modulating Said 
pulse train of laser energy pulses with Said third digi 
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tally formatted electrical Signal to provide a Second 
pulse width modulated optical Signal digitally encoding 
Said information to be communicated from Step (h), 
Said Second pulse width modulated optical Signal com 
prising laser energy pulses having a plurality of discrete 
pulse widths, wherein each of Said laser energy pulses 
comprises a frequency content that is characteristic of 
pulse width; 
(j) transmitting Said pulse width modulated optical Signal 
from Said Second location; 
(k) receiving the transmitting pulse width modulated 
optical signal transmitted in Step () at a location 
Selected from the group consisting of Said first location 
and a third location remote from both said first and 
Second locations, Said receiving Step comprising the 
Steps of Sensing the transmitted optical Signal of Step 
(), determining the frequency content of Said laser 
energy pulses, and determining the pulse width of Said 
laser energy pulses indirectly based on the frequency 
content of Said laser energy pulses, and 
(l) converting the received pulse width modulated optical 
Signal of Step (k) into a fourth digitally formatted 
electrical signal encoding information replicating Said 
information to be communicated of Step (h). 
k k k k k 
